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Introduction
The hydrophobic nature of a plasma membrane's interior makes it impermeable to ions and large water-soluble molecules. The plasma membrane thereby separates the cellular cytoplasm from the external environment. However, the cell also needs to communicate with its external environment and transport substances in and out of the cell. For this, the plasma membrane must be selectively permeable. To resolve this problem, cells use a number of mechanisms. The uptake of macromolecules and large particles from the surrounding medium is accomplished by endocytosis. Endocytic processes can be hijacked by bacteria, viruses and toxins, typically causing disease in animals and humans. [1] [2] [3] [4] The bacterial Shiga toxin and Shiga-like toxins are examples of pathogenic toxins that use endocytosis for their entry into host cells. They are members of the AB 5 family of protein toxins that are associated with human pathologies like dysentery, diarrhea, and hemolytic uremic syndrome. A single catalytic A-subunit associates with a homopentameric B-subunit (STxB). The A-subunit modifies ribosomal RNA in target cells and thereby causes inhibition of protein biosynthesis, while STxB is responsible for binding of the toxin to the host cell membrane. Each STxB molecule has 15 binding sites for the glycosphingolipid (GSL) globotriaosylceramide (Gb 3 ), the cellular toxin receptor. 5, 6 Via interactions with these receptor molecules, Shiga toxin enters cells by clathrin-dependent 7 and independent endocytosis. 5, 8, 9 In the absence of the A-subunit, STxB still forms a pentameric unit 10 and its internalization ability remains unaffected, 11 even if the uptake pathway might be modulated by the A-subunit. 12 When membrane scission is inhibited by different means, STxB localizes to tubular invaginations that are induced by the protein 5, 8, 9, 11 suggesting a model in which the toxin drives the initial step of its uptake into cells, i.e. the formation of a deep and narrow invaginated membrane domain, the endocytic pit.
unilamellar vesicles (GUV) in the absence of any cytosolic machinery. 5 Interestingly, several pathogenic 14, 15 or cellular lectins 16 share with STxB the capacity to induce membrane invaginations in interaction with defined GSL species, indicating that this could be a general mechanism (reviewed in ref. 17) . A specific Gb 3 acyl chain composition is required for STxB to induce tubular membrane invaginations. Binding of STxB to Gb 3 with saturated acyl chains (Gb 3 :C22:0; denoted hereafter by S-Gb 3 ) does not lead to the formation of invaginations, whereas invaginations form upon STxB binding to Gb 3 with unsaturated acyl chains (Gb 3 :C22:1; denoted by U-Gb 3 ). 5 In the case of the related cholera toxin that like Shiga toxin induces membrane bending via interactions with its cellular receptor, the GSL GM 1 , it was shown that unsaturated GM 1 acyl chain species indeed favored cellular infection. 14 The mechanisms by which these lectins drive membrane bending have not yet been determined. Formation of inward tubular invaginations has previously been studied by use of computer simulation. [18] [19] [20] These studies were performed using spherical inclusions (or spherical caps) that induce a high curvature imprint onto the membrane, 19, 20 in contradistinction to the STxB protein which is flat. The cited simulations also do not incorporate specific information about the molecular structure of the proteins. By contrast, molecular structure is a key element in the STxB system. 5 Here, we first use all-atom molecular dynamics (MD) simulations to characterize at the atomistic length scale the effect of binding a single STxB protein to a bilayer containing Gb 3 lipids. Subsequently, we feed these results into a Monte Carlo (MC) simulation of a triangulated surface model 21 to study the macroscopic conformational behaviour of the membrane with many STxB proteins. The results of these multi-scale simulations reveal conditions in which STxB can induce tubular membrane invaginations. Of note, these conditions are in agreement with results in the experimental literature.
Methods
Two distinct simulation techniques, at two different length scales were used to investigate this process. At the atomistic length scale we exploited all-atom MD simulation, and for the macroscopic length scale MC simulation of a triangulated surface was used. Details of each technique are discussed below.
Molecular dynamic simulations
We performed all-atom MD simulations of STxB and STxB mutant W34A binding to a DOPC bilayer containing 15 Gb 3 lipids (in the system containing the STxB mutant only 10 Gb 3 lipids are presented, because the W34A mutant binds at most to 10 Gb 3 5 ) in the upper monolayer (either U-Gb 3 or S-Gb 3 ). As a control, STxB binding to a pure DOPC bilayer was also simulated. Additionally, trajectories from our previous work, 22 where 16 Gb 3 lipids were presented in the upper monolayer, were analysed as two extra control simulations to investigate the effect of Gb 3 inhomogeneity on bilayer curvature. Initially, all 15 Gb 3 binding sites on STxB (or 10 binding sites of W34A) were occupied by their Gb 3 binding partners. The simulations were performed using GROMACS 23, 24 and the CHARMM36 force field. 25, 26 The Gb 3 parameters were obtained from ref. 22 . The systems were solvated using the TIP3P water model. 27 STxB is a charged protein (1 e À per monomer), so Na + and Cl À ions were added to a physiological concentration of about 150 mmol to neutralize the system. Electrostatic interactions were treated with particle-mesh Ewald (PME) with a short-range cutoff at 1.2 nm, and van der Waals interactions were switched off between 1.0 nm to 1.2 nm. The system temperature was kept constant at 37 1C using Nose-Hoover temperature coupling. 28, 29 Bonds containing hydrogen atoms were constrained using the LINCS algorithm. 30 Parrinello-Rahman barostat pressure coupling 31 was applied to all systems after equilibrating them with the Berendsen pressure coupling. 32 Finally, the leap frog integrator was used with a time step of 2 fs.
Monte Carlo
The large scale conformational properties of the membrane are governed by its curvature elasticity and the lateral organization of the membrane, and only a few model parameters are involved.
To explore these properties, we performed MC simulations of a closed, fluid triangulated surface consisting of 2030 vertices and hence 4056 triangles, in which vertices diffuse according to the usual bond-flip MC move. This method allows us to determine the tangent plane and curvature tensor on each vertex, as described in detail in ref. 21 . A STxB protein is modelled as an in-plane vector field on a vertex with five-fold rotational symmetry that induces local curvature on the surface of the membrane. The total system energy consists of two parts: (1) membrane elastic bending energy.
(2) Vector field interactions.
(1) Membrane elastic energy: this part of the energy is described by a discretized form of the Helfrich Hamiltonian
where the sum is over all vertices, k is the bending modulus of the membrane, A(n) is the area associated with vertex n, Z(n) is a binary function returning the value 1 if n holds a protein, and 0 otherwise, C 0 is the local curvature induced by a protein on the vertex n (this will be obtained from MD simulation results), and c 1 (n) and c 2 (n) are the principal curvatures, respectively.
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(2) The vector field interaction energy: STxB proteins cluster upon binding to a membrane whereas in the absence of a membrane they remain unassociated. This indicates that a membrane mediated interaction is required for clustering. However, the source of this clustering force is still elusive. 5 We modelled this membrane mediated interaction by the following energy function
where the sum is over neighboring vertices. e is the interaction strength between proteins, and Y(n,n 0 ) is the angle difference between two vectors after parallel transport. 21 The first term of this equation includes a short-range attraction between the proteins that reflects the clustering tendency of STxB when bound to cellular or model membranes, and the cos[5Y(n,n 0 )] term in the equation reflects the anisotropic interaction due to pentagonal shape (5 fold symmetry) of STxB. The strength of this attraction, e, is a parameter in our model. To complete the STxB model in the MC simulation, we fix the MC length scale (a) using the value of the induced local curvature by STxB (C 0 ), which is given in nm À1 . In order to do this, we consider the area associated to a vertex to be equal to the area of one STxB (Fig. 1) . A n = A stxb , a E 6.65 nm. This can also be used to make an estimate of the total vesicle area A tot B 0.1 mm 2 .
MD systems DOPC-STxB system was built by symmetrically placing 338 DOPC lipids on two parallel lattices and equilibrating the system by a 50 ns simulation. Then STxB was placed at a close distance from the bilayer surface and the new system was equilibrated for another 50 ns while the STxB backbone was restrained. Systems containing a protein and Gb 3 lipids: complexes of 15 U-Gb 3 lipids with one STxB protein, 15 S-Gb 3 lipids with one STxB protein, or of 10 U-Gb 3 lipids with one mutant STxB-W34A protein were prepared in such a way that the carbohydrate moiety of each Gb 3 lipid was close to one of the protein binding sites (the structure in ref. 6 was mapped). Simultaneously, a DOPC bilayer was made by symmetrically placing 364 DOPC lipids on two parallel lattices. Then we embedded the Gb 3 -protein complex in the upper mono-layer of the bilayer and removed 15 DOPC lipids so that Gb 3 lipids did not touch any remaining DOPC lipids. This configuration was equilibrated by a 150 ns simulation while imposing position restraints on both the STxB backbone and the Gb 3 atoms. Next we re-equilibrated the system for another 50 ns simulation while the position restraint was imposed only on the protein backbone. After equilibration, the position restraint on the protein was removed and simulations were continued for 400 ns. In addition, for each system of S-Gb 3 -DOPC-STxB or U-Gb 3 -DOPC-STxB, 4 replicas were simulated for 200 ns. Details of the systems can be found in Table 1 .
MC systems
All MC simulations were performed on a vesicle containing 2030 vertices. A percentage P v of the vesicle surface was initially covered by STxB proteins with properties described in the Method section (P v varies between the different simulations).
Initial systems were built by randomly distributing STxB proteins on the surface of the vesicle (Fig. 2A) . Also, in order to boost simulation performance, some initial systems were built by randomly distributing STxB proteins on a small patch containing 20% of the vesicle surface (Fig. 2B) . In order to increase the sampling accuracy, simulations were performed on 24 replicas for each set of parameters.
Results and discussion

STxB induces local curvature
Independently of the Gb 3 saturation level, after 200 ns simulation time, the majority of the replica simulations show that 13 Fig. 1 (left) The smallest ring that wraps around STxB has a radius of 3.5 nm. (right) The area associated to a vertex (on average a vertex is surrounded by 6 triangles in a spherical topology). within 100 ns simulation and the analysis is performed after this equilibration time. Two of these replicas (one for each Gb 3 type) were continued to 400 ns. Fig. 3A shows the last snapshot for the U-Gb 3 -DOPC-STxB system. The snapshot shows that STxB induces a small increment of local curvature on the surface of the bilayer. Fig. 3B shows a clearer representation of the induced curvature that is obtained by fitting the surface to a series of Legendre functions as described next.
To differentiate the toxin particle-induced curvature from thermally-induced random deformations of the bilayer surface, we calculated the local bilayer curvature induced by STxB over time. Since we are going to use this data in MC simulations we are specifically interested in the local bilayer curvature in the area under STxB molecules. First, the membrane surface is obtained by fitting the phosphorus atom coordinates of the DOPC lipids to a series of Legendre polynomials as zðx; yÞ ¼ P NxNy n;m A n;m P n x=L x ð ÞP m y=L y À Á where P n is the nth Legendre polynomial, L x and L y are simulation box side lengths in the x and y directions (Here N x = N y = 6 has been used). Since the curvatures of the bilayers are small (Fig. 3B) , the linear approximation for mean curvature, C(x,y), can be used: Cðx; yÞ ffi 1 2 r 2 zðx; yÞ. The local curvature per unit area underneath of the STxB is defined
Cðx; yÞdxdy where A p is the projected area of STxB on membrane plane. In this formulation, an inward/outward bending will be represented by a positive/negative C 0 . In the absence of Gb 3 lipids (the pure DOPC-STxB system), bilayer deformations were solely due to thermal fluctuations of the membrane surface, and C 0 fluctuated around zero (Fig. 4D) , the time average of the local curvature was hC 0 i = 0.011 AE 0.003 nm À1 (errors are estimated using block averaging). However, binding of STxB to either S-Gb 3 or U-Gb 3 induces an inward curvature (Fig. 4A and B: values from the replica simulations can be found in the ESI, † Table S1 ). The time averages of the local curvature were: hC 0 i = 0.034 AE 0.004 nm
À1
in the presence of S-Gb 3 , and hC 0 i = 0.035 AE 0.003 nm À1 in presence of U-Gb 3 lipid. Accordingly, the presence of Gb 3 lipids is a prerequisite for STxB to induce an inward curvature, and Gb 3 lipid chain saturation plays a secondary role. The value of hC 0 i was strongly affected by the number of bound Gb 3 lipids. For example, in a simulation where STxB remained bound to 10 Gb 3 , hC 0 i reduced to 0.028 AE 0.003 nm À1 (Fig. S1C , ESI †).
Therefore we conclude that STxB induces local curvature on the surface of a bilayer upon binding to either of the Gb 3 types whose magnitude is in the range 0 o C 0 o 0.035 nm
. STxB is a nearly flat protein, and it is expected that the induced curvature arises from molecular details of the STxB-Gb 3 binding. When STxB binds Gb 3 lipids, the head group sugars are oriented differently with respect to the membrane normal and protrude from the membrane to different heights (Fig. 5A) . The Gb 3 lipid head groups that bind to site 3, which is located approximately in the middle of the bottom face of STxB, are normal to the protein surface. Therefore, the sphingosine backbones of these lipids stay at a larger distance from the protein face compared to sphingosine backbones of Gb 3 lipids which bind to the peripheral sites 1 and 2 (Fig. 5B) . Thus, the impact of STxB on the surface of a bilayer containing Gb 3 is similar to that of a convex object and, upon binding, the pentamer imposes its geometry on the membrane (Fig. 5C ). This indicates that STxB binding site 3 plays a crucial role in inducing local curvature. To test this hypothesis we performed an MD simulation with the Shiga toxin mutant W34A, in which binding site 3 is inactivated. In this case, binding of STxB to the membrane did not induce any local curvature (hC 0 i = 0.01 AE 0.006 nm À1 : see Fig. 4C ). An alternative explanation of the inward curvature might be the transbilayer inhomogeneity in the lipid distribution, induced by STxB binding. To investigate whether this effect plays an important role in the observed local curvature, we analysed the trajectories from our previous work where such inhomogeneity exists in the absence of STxB. 22 16 Gb 3 lipids were positioned in a patch in the upper monolayer of a bilayer system composed of DOPC. If a change in lipid distribution results in an inward local curvature, the inward local curvature should be observed even in the absence of STxB. However, the results show that Gb 3 clustering in the absence of STxB does not induce any significant membrane bending (see Fig. 4E , F and Table S1 , ESI †), and can not explain the observed inward local curvature induced by STxB. Therefore a specific STxB-Gb 3 complex is required for induction of local inward curvature.
STxB induces tubular invaginations in MC simulations
In this section, the cooperative effects of STxB binding to the vesicle membrane on the geometrical conformations of the membrane were investigated using MC simulations. The bending rigidity of a DOPC lipid bilayer is around 20k B T. 33 However, Gb 3
gives rise to a significant ordering of the bilayer. 22 Therefore we have chosen 6 different values for bending rigidity, k = 10, 20, 30, 40, 50, 60k B T to cover the relevant value for the DOPC/Gb 3 mixture. Proteins were randomly distributed on the surface of the vesicle (P v = 5%, 10%, and 20%). Three different values of the protein-protein interaction strength, e = 0.5, 1, 2k B T, were tested. Despite the small local curvature induced by STxB (small compared to N-BAR domain proteins 34 ) and despite the relatively weak interaction among them, the fields still drive the vesicle to form long and narrow tubular invaginations ( Fig. 6A (k = 60k B T), Fig. 6B and C (k = 30k B T) and Fig. S2 , ESI †), which are covered by STxB proteins. For e r 0.5k B T, no stable tube formation was observed, while for e Z 1k B T stable tubes were observed for all compositions. An interesting aspect of the tube morphology is the formation of a narrow neck that connects the tube to the surface of the vesicle. Although at first sight such a neck formation seems to be energetically unfavourable, theoretical calculations on catenoid-like surfaces show that this configuration can in fact form with very low energy cost 35 (the mean curvature of the catenoid being zero).
The formation of the neck is important because it may assist scission, e.g. by dynamin. 5 
STxB mutant (W34A) fails to induces tubular invagination
In order to investigate the role of the induced local curvature on the formation of tubular invaginations, we performed 32 different simulations for e = 0.5, 1, 2, 3k B T and different random number seeds with proteins that induce zero local curvature (C 0 = 0). In none of these cases was a significant deformation in the morphology of the vesicles observed (ESI, † Fig. S3 ) although clustering was observed for e Z 1k B T. Thus, we conclude that tubular invaginations do not form in the absence of a local STxB-induced curvature. This result combined with the finding of the MD simulations, that no local curvature is induced by STxB mutant W34A (Fig. 4C ), is consistent with experimental observation that this mutant does not induce tubular invaginations. 
Gb 3 acyl chain saturation
The MD simulations have revealed that STxB induces a small local curvature on the surface of a fluid bilayer in interaction with both S-Gb 3 and U-Gb 3 . However, experiments have shown that tubular invaginations on GUVs only form with U-Gb 3 . 5 So far we have simulated fluid vesicles, based on the definition of the Hamiltonian and the possibility of link flips in the MC moves. According to our previous simulations of a protein-free DOPC-Gb 3 system, we predicted that membranes containing a high concentration of S-Gb 3 are not in the liquid phase. 22 Membranes in an ordered phase cannot be described by the Helfrich Hamiltonian. However, the importance of the membrane fluidity can be studied by removing the link flips in MC moves. It was observed that tubular invaginations did not form under these conditions (not shown). We hence strengthen the hypothesis proposed in ref. 22 that local increase in S-Gb 3 concentration due to STxB clustering results in ordering of the bilayer, and therefore STxB is unable to induce tubular invaginations on a bilayer containing S-Gb 3 .
Effect of the different values of induced local curvature
So far we have shown that inclusions that induce a local curvature of C 0 E 0.035 nm À1 (or in MC length scale: C 0 E 0.24a À1 ) and cluster via membrane-mediated interactions drive the formation of tubular membrane invaginations with narrow necks that connect them to the vesicle surface (Fig. 6) . We further investigated whether upper and lower limits exist for C 0 .
We have systematically varied the value of C 0 in the interval of
with an increment of 0.01 (initial configuration was built as Fig. 2B ). The results show that the lower limit is C 0 = 0.09a À1 (C 0 = 0.013 nm À1 ) and above this value, inclusions induce a tubular membrane invaginations as shown in Fig. 7A . However, regarding the upper limit, we need to be more cautious. For hC 0 i = 0.55a
) only small inward budding (Fig. 7B) was observed. However, this curvature radius is in a range that is close to the coarse graining length scale (R B a), and the MC model may not apply any more. Therefore further investigation is required to determine the upper limit of C 0 .
Conclusions
We have combined simulation techniques on atomistic and macroscopic length scales to study the formation of tubular membrane invaginations upon STxB binding to a lipid bilayer system. Our results suggest a pathway for cellular entry that can be exploited by any protein or manufactured nanoparticle that binds tightly to the plasma membrane and induces a small increment of inward-oriented local curvature. The important features of the STxB-Gb 3 complex for invagination are: (1) Gb 3 interacts with different orientations and distances from the normal plane of the membrane with its binding sites on STxB. This allows STxB to induce a small increment of local curvature. (2) Binding site 3 of STxB plays a crucial role for the induction of local curvature, providing an explanation for the decreased ability of Shiga toxin molecules that are mutated at this site to induce membrane invagination and enter cells. 5, 36 (3) Clustering of STxB molecules drives the formation of tubular invaginations with narrow necks only in fluid bilayers. This mechanism may also operate for other cargoes that share this fundamental building plan.
